Thirteen glycoside hydrolase (GH) families, each having members related to each other by 1 amino acid sequence, contain enzymes that hydrolyze cellulose and/or cellooligosaccharides (4). 2
Among them is GH family 44 (GH44), most of whose enzymes are endoglucanases (EGs). In 3 general, EGs are more active on longer rather than on shorter chains and are more likely to attack 4 bonds in the interiors of carbohydrate chains than near their termini. 5
With one exception, GH44 enzymes are produced by bacteria, both aerobic and anaerobic. At 6 present, 29 amino acid sequences of GH44 members have been determined (4). Often they are 7 combined with other GHs in multienzyme proteins (Fig. 1) . 8
Not all of these GH44 enzymes have been produced in vitro, and those that have been pro-9 duced have been only partially characterized. Experimental results indicate that GH44 enzymes 10 exclusively cleave β-1,4 bonds between glucosyl and xylosyl residues, and that they have vary-11 ing abilities to attack xylan, lichenan, and different cellulose forms such as Avicel, acid-swollen 12 cellulose, and carboxymethyl cellulose (CMC), with the presence of a carbohydrate-binding 13 module (CBM) allowing higher activity on solid cellulose. They appear to be inactive on short 14 oligosaccharides like p-nitrophenyl (PNP)-β-glucopyranoside, PNP-β-cellobioside, and PNP-β-15
xylopyranoside. 16
Most GH families containing cellulases have at least one member with a known tertiary 17 structure. That was not true of GH44 until Kitago et al. (15) published six different crystal struc-18 tures of an EG, CelJ, from Clostridium thermocellum. Three of the crystal structures are of the 19 wild-type enzyme and the other three are of the E186Q mutant, with each form being both 20 unliganded and complexed with cellopentaose or cellohexaose. The enzyme uses a retaining 21 mechanism, with Glu186 being the proton donor/acceptor and Glu359 being the nucleophile. 22
Subsites -4 to -1 of the wild-type enzyme hold cellotetraose. When the E186Q mutant is soaked 23 with cellopentaose or cellohexaose, different-length cellooligosaccharides are complexed in its 24 subsites -4 to +5. 25 coln, NE) and supplied as an E. coli XL1-Blue (Stratagene, La Jolla, CA) clone containing the 1 synthesized gene in the pST1Blue plasmid (Invitrogen, Carlsbad, CA). 2
The DNA provided by Megabase was used as a template to produce a 1544-base-pair gene 3 fragment, yielding a mature protein of 511 amino acids, identical in sequence to that of the CD 4 of the protein CAC0915. The nucleotides encoding for the signal peptide were removed to elim-5 inate expression problems. This was cloned into the Novagen (Madison, WI) pET-22b(+) vector, 6 which codes for the fusion of a C-terminal histidine tag, and expressed in E. coli BL21(DE3) 7 (Novagen). 8
Protein production and purification. E. coli clones were grown in auto-induction medium 9 (0.05% glucose, 0.5% glycerol, 0.2% lactose, 1.2% tryptone, 2.4% yeast extract, 25 mM succin-10 ate, 5 µM Fe 2 (SO 4 ) 3 , 19 mM KH 2 PO 4 , 45 mM K 2 HPO 4 , 2 mM MgSO 4 , and 45 mM NaH 2 PO 4 ) 11 (31), supplemented with 50 mg/l carbenicillin, at room temperature and 250 rpm shaking until 12 the absorbance at 600 nm was approximately 13, measured after dilution to bring the reading 13 within the linear range. Harvested cells were resuspended in 20 ml nickel-nitrilotriacetic acid 14 (Ni-NTA) binding buffer (25 mM HEPES, pH 7.0, 300 mM NaCl, and 10 mM imidazole) 15 (Novagen), and lysed four successive times in an SLM Aminco (Rochester, NY) French press at 16 125 MPa. 17
A 15-ml Ni-NTA His•Bind Superflow™ (Novagen) column resin was used to purify His-18 tagged proteins. The column was washed with Ni-NTA wash buffer (25 mM HEPES, pH 7.0, 19 300 mM NaCl, and 20 mM imidazole) and the enzyme was eluted with Ni-NTA elution buffer 20 (25 mM HEPES, pH 7.0, 300 mM NaCl, and 250 mM imidazole) (Novagen). A 50-ml Sephadex 21 G-25 (GE Healthcare, Piscataway, NJ) column was used to desalt the protein into 10 mM of pH 22 7.0 HEPES buffer. If necessary, the protein was concentrated to 22 g/l, using the Pierce (Rock-23 ford, IL) bicinchoninic acid assay (30) and bovine serum albumin standards, with a Vivaspin6 24 (Sartorius, Elk Grove, IL) polyethersulfone 5000-Da MWCO spin filter at 8,000 x g. Based uponing, was of approximately the same molecular weight as the nickel-binding enzyme SlyD (26). 1
Crystallization and structure refinement. Crystallization screening was performed using 2 the hanging-drop vapor diffusion method with 500 µl of mother liquor in the reservoir and a 1: and 25% (w/v) glycerol at pH 5.4 and frozen before data collection. Diffraction data were collec-10 ted at 100 K at the Iowa State University Macromolecular X-ray Crystallography Facility on a 11
Rigaku/MSC home-source generator at 1.54 Å wavelength and processed using d*TREK (27). 12
The crystal belongs to space group P2 1 2 1 2 1 , and its unit cell parameters and relevant diffraction 13 statistics are located in Table 1 . 14 Molecular replacement was used to solve enzyme structures using AMoRe from the CCP4 15 suite (5, 24). The structure of C. thermocellum Cel44A (PDB 2e4t) (15) was used to solve the 16 phase problem and to thread the amino acid sequence of the enzyme into the molecular replace-17 ment solution using Swiss-PdbViewer (8). Manual rebuilding of the model was performed using 18 O (12), and the model was refined with REFMAC5 (22). Structural calculations were performed 19 with DSSP (14) and figures were created with PyMol (DeLano Scientific, Palo Alto, CA). The 20 final model is a monomer consisting of 512 amino acid residues with 638 water molecules, ten 21 glycerol molecules, three acetate ions, one calcium ion, one chloride ion, and one sulfate ion, 22
with structural refinement statistics shown in Table 1 . Optimal temperature and pH were determined with the tetrazolium blue assay. The former 5 was found by reacting 2% (w/v) low-viscosity CMC with 1.7 mg/l enzyme at 25-60ºC and pH 6 5.0 in 0.1 M NaOAc buffer. Sampling was performed as described above and linear regression 7 was used to calculate activities at each temperature. Determination of optimal pH used 1.7 mg/l 8 enzyme incubated with 2% (w/v) low-viscosity CMC at 25°C. The reaction buffers were 0.1 M 9
NaOAc buffer for pH 3.5-5.0 and 0.1 M sodium phosphate buffer for pH 5.5-8.0. Sampling and 10 activity calculations were performed as described above. 11
Enzyme thermostability was determined by incubating the enzyme in 10 mM HEPES, pH Paenibacillus polymyxa xyloglucanses, the Paenibacillus lautus EG, and a second T. turnerae 3 sequence are more distant from the other EGs. Specifically, the EGs from C. thermocellum and 4 C. acetobutylicum, which is the subject of this study, have very similar sequences. 5
Enzyme crystal structure. The C. acetobutylicum EG crystal structure, composed of 25 β-6 strands and 18 α-helices, was solved to 2.2 Å resolution. It has a catalytic (β/α) 8 TIM barrel-like 7 structure (β3-β6, β11-β17, α1-α5, α7-α18) with an additional ψ-loop motif (β7-β10, α6) and 8 β-sandwich (β1-β2, β18-β25) of unknown function (Fig. 3) . The catalytic proton donor/accep-9 tor, Glu180, and catalytic nuclophile, Glu352, are well defined in the electron density and are 10 located after the fourth β-strand (β11) and on the seventh β-strand (β16) of the TIM barrel core, 11 respectively, with 5.4 Å separating their γ-carbon atoms, and with Glu180 being part of an NEP 12 motif. This structure indicates that the enzyme is part of Clan GH-A and has a retaining mechan- (Pro18-Ile20) and C. thermocellum EG (Leu336-Ile338). Both EGs contain structural calcium 20 ions to stabilize their ψ-loops. C. acetobutylicum EG has residues analogous to each of the lig-21
and-binding amino acids of C. thermocellum EG: the catalytic proton donor/acceptor Glu180 (C. 22 acetobutylicum EG)/Glu186 (C. thermocellum EG), the catalytic nucleophile Glu352/Glu359, 23 hydrophobic platforms Trp58/Trp64, Tyr65/Tyr71, Trp320/Trp327, Trp324/Trp331, andhave a clear ψ-loop analogous to that of C. acetobutylicum EG. The amino acid residues that 1 replace this small domain in CelM2 form three α-helices, three β-strands, and a twisted β-strand 2 instead of one α-helix, four β-strands, and a structural calcium ion that form the ψ-loop in C. 3 acetobutylicum EG. The result is a difference in the shape of the binding cleft of the two EGs 4 (Fig. 4C) . The small CelM2 domain extends beyond the C. acetobutylicum EG ψ-loop, forming a 5 deeper binding pocket. 6
C. acetobutylicum EG has three residues (Arg41 in subsite -3, Tyr65 in subsite +3, and 7
Trp324 in subsite +5), encircled by blue ovals in Fig. 4B , that are involved in substrate binding 8 and that do not have structural analogs in CelM2. It also has two hydrophobic residues, Trp58 9 and Tyr65, both in subsite -4, on opposite faces of the active site that can bind a substrate. 10
Conversely, CelM2 has two α-helices where only coils are present in C. acetobutylicum EG (Fig.  11   4B) . The helix on top of CelM2, on which Trp288 is found, is at the end of the binding cleft and 12 forms a protrusion that points toward its opposite face, holding Trp365, another hydrophobic res-13 idue, and they could potentially form stacking interactions with a substrate. These two residues 14 are located at the opposite end of the binding cleft from the two opposing hydrophobic residues 15 in C. acetobutylicum EG. 16
Carbohydrate hydrolysis products. Thin-layer chromatography shows that C. acetobutyl-17 icum EG attacks cellotetraose, cellopentaose, and cellohexaose, but not cellobiose and cellotriose 18 (Fig. 5A) . Cellotetraose yields mainly cellotriose and glucose, with some unreacted cellotetraose 19 and perhaps some cellobiose. Cellotriose, cellobiose, glucose, and cellotetraose are produced 20 from cellopentaose. Cellohexaose yields cellotriose, cellobiose, and glucose, larger products 21 presumably being completely hydrolyzed because of the long incubation times and high enzyme 22 concentrations used here. 23 cellobiose, cellotriose, and cellotetraose. 1 Enzyme kinetic and thermostability properties. Enzyme activity on CMC and the two 2 xylans increases with increasing substrate concentrations (Supplemental Material, Fig. 2 ), lead-3 ing to the kinetic values in Table 2 .
The enzyme has an optimal temperature on CMC in a 10-min assay at pH 5 near 55°C and 8
has an activation energy for activity of 26.9 ± 3.0 kJ/mol, where the second value is the standard 9 error (Supplemental Material, Fig. 3 ). It has an optimal pH on CMC of 5.0 (Supplemental Mater-10 ial, Fig. 4 ). The thermostability of the enzyme at pH 7 is shown in Supplemental Material, Fig. 5 . 11
The activation energy of thermoinactivation is 230 ± 42 kJ/mol, much higher than the activation 12 energy for activity, as is expected. The similarity in tertiary structures of C. acetobutylicum and C. thermocellum EGs and their 18 more significant difference with the crystal structure of CelM2 is not unexpected, considering the 19 proximity of the first two enzymes on the GH44 phylogenetic tree and their distance from the 20 third (Fig. 2) . 21 C. acetobutylicum EG is active on a variety of β-1,4-linked glucans, with somewhat higher 22 activity on xylans than on CMC, opposite the case with C. thermocellum EG. Both studies used 23 low-viscosity CMC from Sigma. The differences in relative activity on xylan versus CMC for 24 these two enzymes may be due to the use of oat spelt xylan in the C. thermocellum EG study, 25 whereas birchwood and larchwood xylans were used in this study. The impact of plant source ondifferences in xylanase activity is a more likely explanation than structural differences between 1 the enzymes, given the low RMSD between their structures and the lack of obvious structural 2 differences in their active site. 3 Activity on CMC and xylan is consistent with the crystal structure of C. acetobutylicum EG, 4 where a broad binding cleft allows entry of bulky side chains. The unbalanced nature of the 5 products of cellotetraose hydrolysis can be explained by subsites to one side of the cleavage 6 point having a higher affinity for substrate residues than those on the other side. If this is the 7 case, then subsites -4 to -1 should bind substrate residues stronger than subsites +1 to +5, since 8 1) Kitago et al. (15) found the hydrolysis product cellotetraose in subsites -4 to -1 when the 9 crystals of the closely related C. thermocellum wild-type EG had been soaked with longer 10 substrates; 2) C. acetobutylicum EG subsites +1 to +3 lack any amino acid residues that can 11 hydrogen-bind substrates, while Trp58 in subsite -4, Arg41 and Tyr65 in subsite -3, and Asn40, 12
Glu352, and Trp385 in subsite -1 can do so. 13
The cellooligosaccharide hydrolysis results (Fig. 5A ) indicate that C. acetobutylicum EG 14 reacts faster on longer substrates than on shorter ones, as no cellopentaose and cellohexaose but 15 some cellotetraose remain when they are hydrolyzed over long periods by a very high concen-16 tration of enzyme. Furthermore, the enzyme does not attack cellobiose and cellotriose at all. This 17 behavior is caused by the progressive loss of ability, due to a progressively less negative binding 18 free energy, of the enzyme to bind substrates as their chain length decreases. This is a common 19 trait of endo-acting enzymes such as EGs, which have long active sites with many subsites bind-20 ing carbohydrate residues, most with negative binding energies. 21
Inactivity against mannan is likely due to an inability of the catalytic nucleophile to hydro-22 gen-bond with the 2-OH group of the manopyranosyl ring in subsite -1, therefore leaving it in a 23 parable to the optimal pH of 5.2 observed for the extracellular unidentified EGs produced by C. 1 acetobutylicum (18) . Its optimal temperature is slightly higher than the 50°C optimal temperature 2 of the C. acetobutylicum EG from an unknown GH family studied by Zappe et al. (33), and is 3 much lower than the 70°C optimal temperature of C. thermocellum GH44 EG (1) . Although the 4 activation energy of thermoinactivation was not determined for the latter enzyme, it is stable for 5 10 min up to 80°C, whereas C. acetobutylicum EG is stable for <2 min at 60°C. 6
The causes of high enzyme thermostability include a more charged surface, higher aliphatic-7 ity, and higher hydrophobicity (11). C. thermocellum EG has a higher aliphatic index than C. 8 acetobutylicum EG with the His-tag attached, 73.2 vs. 61.5, calculated by ProtParam (6). It also 9 has a less negative grand average of hydrophobicity (GRAVY) score (16) than C. acetobutylicum 10 EG, -0.495 vs. -0.683, meaning that it is more hydrophobic. Furthermore, it has a more acidic 11 surface, which potentially would be more charged. Thus the difference in thermostability of 12 these two enzymes agrees with previous work correlating differences in structural features of 13 thermophiles and mesophiles to thermostability. 14 The activity of the purified C. acetobutylicum cellulosome against CMC, 0.115 U/mg (28), is 15 about 0.6% the activity of GH44 C. acetobutylicum EG against CMC, 18.9 s -1 (Table 2) or 20.0 16 U/mg, these values measured at a lower temperature and pH. C. acetobutylicum ATCC 824 17
Cel9G, a GH9 EG, whose encoding gene was found in the same cellulosomal gene cluster as the 18 gene encoding the GH44 EG studied here (25), has a specific activity of 7.4 U/mg against CMC 19 (20). The experiments were conducted at different pHs, and the cellulosome does contain non-20 catalytic proteins, which may contribute to some of its lower observed activity, since activity is 21 based upon mass instead of molarity. However, the synergistic increase in activity of a cellulo-22 some due to the proximity effect should offset much or all of a decrease in activity due to non-23 catalytic proteins. Another likely contributing factor was use of cellobiose as the carbon source 24 to produce the C. acetobutylicum cellulosome by Sabathé et al. (28), as they were unable to grow 25 the organism on cellulose. Other cellulosomes have higher cellulase activity when the productionsome enzymatic composition caused by a different carbon source. 1
The dramatically higher activities of C. acetobutylicum Cel9G and GH44 EGs against CMC 2 compared to that of its cellulosome would suggest that these enzymes were absent in the cellulo-3 some when its activity was characterized. However, two bands on an SDS-PAGE gel of the 4 cellulosome components, not identified by N-terminal sequencing (28), are the correct molecular 5 weights of C. acetobutylicum GH44 EG, 66 kDa, and Cel9G, 76 kDa. Furthermore, the genes 6 encoding these proteins, CAC0915 and CAC0916, are both present in the cellulosomal gene 7
cluster, and CAC0915 is the only gene in the cluster that produces a protein with a molecular 8 weight between 60 and 76 kDa. It is therefore likely that both enzymes were incorporated into 9 the cellulosome. Thus the difference in CMCase activity is not due to the absence of these two 10
EGs from the cellulosome, and the difference in reaction conditions, substrate source, and/or 11 enzymatic composition of the cellulosome seem to be incomplete explanations for the discrep-12 ancy in activities. The fact that the recombinant forms of these two EGs are so much more active 13 on CMC than the cellulosome in which they are normally found suggests that the latter might be 14 engineered to yield higher activities, or that different conditions may activate it. The other possi-15 bility is the cellulosome components in the Sabathé et al. study (28) were improperly folded. 16
In conclusion, GH44 C. acetobutylicum EG has been produced, purified, and characterized, 17 and its crystal structure has been solved. This is the first experimental work ever reported on this 18 enzyme from this source. It is phylogenetically similar to other EGs produced by Clostridium 19 species (Fig. 2) although, despite close similarity in amino acid sequences and crystal structures, 20 differences in relative activity, pH and temperature optima, and thermostability have still 21 occurred. It is active on cellotetraose and longer cellooligosaccharides, soluble cellulose, xylan, 22 and lichenan, and slightly active on crystalline cellulose. 
